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Studies on Hydrogen Separation Membrane for IS Process
— Membrane Preparation with Porous « —Alumina Tube —

Gab-Jin HWAN G*, Kaoru ONUKI and Saburo SHIMIZU

Department of Advanced Nuclear Heat Technology
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Tokai Research Establishment
Japan Atomic Energy Research Institute
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(Received January 5, 1998)

It was investigated the preparation technique of hydrogen separation membrane to enhance the
decomposition ratio of hydrogen iodide in the thermochemical IS process. Hydrogen separation
membranes based on porous « -alumina tubes having pore size of 100 nm and 10 nm were prepared
by chemical vapor deposition using tetraethylorthosilicate (TEOS) as the Si source. In the hydrogen
separation membrane, its pore was closed by the deposited silica and then the permeation of gas was
affected by the hindrance diffusion. At 600, the selectivity ratios (Ho/N») were 5.2 and 160 for the

membranes based on porous « -alumina tube having pore size of 100 nm and 10nm, respectively.

Keywords: Inorganic Membranes, Silica-alumina Membranes, Chemical Vapor Deposition,

Gas Separations, Permeance, Hydrogen Permselectivity
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KB - RFADELI BRI ZANF—BHNTKPSARR2RET 2 HED—2 & LTHIL
FARRMETD L ZADBREZIN, IUREAT VLB IS 7OV ANVT UL LFHERRIC
£5T-3 70X "OMELEDSINT NS,

FECIE K 1,0000COBDPESNIEBRAZAFEHFEL T2 S 70 ROMEL2EDTHED,
YA JVEEELEREDOEREET TS Y, L L, IS7oERIiE, 2 KkROEE S
BERDPMENR20%) L WS RBERDH B0 IVKROENEEIERIL. 70X TOB/EY
HEABROHMREHZ56L. SHXAMEEETIV S, ChERT 220, KEBETE
BT 2 I VMKRAROEHRILDPDBETH 5,

HMIEIC K 2REH X0SERE. HELEEDRVWED, BRAICLZ2TANVF—DIDRL,
BALA NI %L LTEEINTEY WIS 70 203 bk REARIBOEHRLICY
BEoebmicds !,

BT, MEME, MERMICENTWELEILNSZAE LS I v I RITLZEEE(CD)H
BNIVNTINVEZICE D, BEEI—FT 1 T L, KEERERNICHBET 5 KRB 2 (FR
THMELPBACEDSNTED, ZROMERELITOHTND VY, ZOHRT, (LPRER
(CVD)IZBUE TRESBMTHRE L WNWS LTI T\ 5,

Gavalas & Y% SiH,® CVD ¢. S.Kim & ¥ & M.Tsapatis & "X SiCl, ® CVD . C.E.Megiris
& Y% TPS(Triisopropylsilane)®d CVD ¢, H.Y.Ha & ViX TEOS(Tetraethylorthosilicate)d CVD
T. Vycor 2 X (MIFLE 4nm)ic> ) A&(LZEHEE L. EFRICHT 2KEDZERMED 500 L LoD
KESGBBEOBEICRIIIL TS, L L., EETH S Vycor H > X BERDKEDEEEEHH
10%mol/Pa - m + SOA—¥—TH 3O EANREREELBZ LIITERNYJI.C.S. W
5 WX TEOS @ CVD €, a—7 )WV I FF 12— 7 (MFLE 20} VT VK Ty —7)V I R (M
AFdm) 2 I—F 1 VT Ltk V) AREEE L. KROFEBFEE D 2.18X107 nol/Pa -
o' - s(600°C) T, BRICH T ZKRDREIRMD 12.6~T72 OKESMEOREICHEIIL T\ 5,
Fi=, S.Yan & Vi Wu S & REIBRREMBGETLE Tn) & AT, KEOEBEED 107 ~107
mol/Pa - m' - s DA —F—T, BRI T HKRDERMED 1000 LLEDKESBEBOBUEIC AL
HLTW3, LL, ThdOAESBBIIARRBHSICHIGHBET 5 &, ERULRUEER
HEDHAD T 2HESADH S, 6. Xomeritakis & W& PACL, D CVD T, a—F NV IF+F2—7(H
FL 200m) iV WV NVETYy—F VI FREJAFE )23 —F 4 Y LER, N5V Y LR
PREL. KROBZBEFEEH 10" ~107 nol/Pa - o' - sOF—F—&FONS VY LAEORME
WAL TW3, LirL, 835U ARG, H 4BRET R, BECBORBE L, BT
CEBEEDBL RSB EWSHERLHD Y,

COLSI, (D EEAWEY ) HROBEOBBRIZIERELEI SN H, BlBEE LERY
WS X B MBI DI TR,

ZFIT, ARETIE. KEOZBEEH 10" nol/Pa - 0! - sOA—F—TH2RMMra—7
WIFHIEF2—T2HEME L, REMICENT TRS 2 KIGERIE T3 CVD ka2 REAKEF
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2.1 WEEREBEBRVHE

HEEY LT, a—FPNVIFEIABEF2—7 (/)& 7r@E A% 5. 5mn, AT 3.5mm, & 250mm,
SFLE 36%. FHRMFLE 100mm) k. COF 1 —-TOREALEL T, EHMAEEHMEILED
OEEWE, BEAIEEIE, XHEO LIS EYMILE 80nn 0% 2 B, BREICFIMAE 10
OE3@ (y—7NV3IF) 2ETI2BEETH 5. BEERTIE. EROHNIEBR(RS T
~15m) A BHEHZ AT —IV Lz,

Fig. LI CVD RIGEBETRT .

Pressure
gauge
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(Quartz)
\

Electric furnace l{
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Mass flow
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pump
LX |
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N2 TEOS -
\_ Membrane
- Cold trap
— Water bath A =

Fig.l Schematic diagram of chemical vapor deposition apparatus

CVD ALERIE. HAEE RSB (GHEAS 245, 0.D 20mn, I.D 18 mn, £& 500 mm)AICHEE L.
BIEFC, BEHZREF YV 7—HRAL LTTES 2BATEHILICLDITo

RIGRBEDISS A—F —TdHD OV KISEE. ¥+ ) 7—HZ%HE, TEOS EEIZOVWTI, Hi
R DB LI O BEEM: L REROTEREF £SEIZ LT HHRERETV, 600°C O VD K
JSEE. 1/nin OF ¥ ) 7 —H ZAFiE, 0.303~0.526%FE D TEOS B 2AZERM & LTHW .
F7-. BEEOAEEREC L CRIGAEEZBOABIZES L. MFLAEAS ) A2 —ITHH
XRLHEVICOVTHRE LERBR, AIIROSNZOTHRATS I LIC Lz, 51,
(VD RIS BT 2MEOLE S FRLER, 600°COEREGF CIBMROLENMILALRLNR
Mo =0T, TE0S DESROMAIZL B CVD RIGZFTD T LiC L,

CVD ALFRICBR L Cid, MERMODOE HEE=S— L, EEO< 7 0fLH TES OB TERT S
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VVALE->THESND I LTI ENETEZNUER SR { 2o s, TEOS Dfitig 2=
b, CVD LB T Lo F/o. —ERIC LIC TEOS OftiGEFEIL L. KRENTERS HEKT,
ANV Y LBLUBRAZDOEEEE ZRE L7z CVDALHE L, BETRE L,

2.2 EEER

BRAIZIEZAY O L, BEAROBBEEZRE L, CVD MEICH S HAEBERMEOELEE
=& — LUl . BEEICIE. KE AV YABIULRRARDEBEE ZZRD S 600°CD
HWHETHMET LI LICK D ROFHEZ T2 720

Mass flow Pressure

/ Controller gauge
1 CP Vent

i Diffusion Cell
2 (Stainless)

Electric furnace

/
v

X

Rotary Vacuum
pump
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(PZ

N
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Fig.2 Experimental apparatus for the permeation test.

Fig. 2 IO EAEBREEETRT,

B OEBREEREZ, Fig.1 © (VD RINEIC T o2, MEEROWEL, KDEHEEDOR
5L ZHEEEV(0.D 40 mn, 1.D 38 mn, £ 500 mm) & ANTITo 7%,

FEEEIEN FREVCKDUTOFETRAEL 2o

Fig.2mo 4y 1 L 2 2HEHTIEWEE, 540 1 o&EEIED, ARAXEHL | JEEL L
oo WNT. T4 2 DHKELLYD., ZOBOEH FROEHEEEHFEHIALHE L. [BED
EEFEE Q. (HRICEhEH LR,

Q (mol/Pa + m' - s) = (K/A 4P) (dP / dt) - (1)
TITC. AP IZEOTMOEHE, AZBOADERE. K IIRIERKTH 5.



JAERI-Research 98-002

3. MRRUER

3.1 CVD bR

Table 112 CVD RSB E~AD D L, BEHRADZBEEEZRT .

RIGEHNOBEEEZ M B HARABIIRES LTEBLE R BEORE. BREANVDLHAXD
FEEEIIRE L Roh, BRICHTEAY D LORBRMIZH 1/2 128D Uz, TEIS OWEZ
ML HR/NE S LTRIBE L= M3 OB A Y, BRUANV VAT IOEBERRIKE R0
B BRICHT A Y LAOBRMIZR 1/2 108D Lz, T2, MEE, TEOS OWiEz Ml X
b 3.5 500 BIZ L= B4, CVD Kb 50 B2 BX To. BRIIHT 2N ¥ LAOEFMER
EVMETH o7z, Fig.] D ADHRS 1 > % Ml BEORER L AALS L, FREE ZMAL TR
L= M OBOBE, BEEAN)ILAHAOEAEEIRELRD, BRIINTEIANV VLD
BRMZD UM 2MAE R LE. Chickh, BEICBW T, ISEEZHAT 5 HEIEE
OEBRMREAEEDOHT, EHTHELEIONS,

HWMILED 0 CH D, ML RAEORGE TR L/ M5 BOBE. ML~ 1/30D CVD K
JSRERETC. AU Y AHZOEBREEII M B IHTASOMEEZR L. ERAZOEEERII M O
1/30 Oz R Uze Fm, ERMS MR R M FU LOEZTR L,

Table 1. Reaction condition of chemical vapor deposition (CVD) and
permeances of gases (He, Ng).

P Al a |Linear Permeance Selectivity
Memb | - °T¢ fc;\vlv rate [Flow rate velocity [Deposition| [mol/Pa mZ s]x 109 (He/Ng)
rane | $ize. [of N2 gasiof TEOS |1 /3™ time [hr] d

[nm] ([ml/min] |[ml/min] [, 102 He No | =964
M1 100 | 1500 5.34 7.7 22 6.12 0.743 8.24

b

M2 100 | 1500 5.34 31 40 12.6 3.25 3.88
M3 100 | 1500 3.08 7.7 32 18.2 5.07 3.6
Ma® | 100 | 1500 | 5.34 7.7 32 12.2 0.799 15.3
M5¢ | 10 | 1500 | 5.34 7.7 10 13.9 0.0268 | 518

a The flow rate was controlled by changing the bath temperature.
Linear velocity was varied by using reactor tube of O.D 10mm,I.D 9mm.

¢ The same condition with M1 except the evacuation rate.
Higher evacuation rate was achieved by changing vacuum line.

d Selectivity by knudsen diffusion mechanism.
e The evacuation condition was the same with M4.
Permeance was measured in diffusion cell at 600°C.

Fig.3 12 CVD RIbBsfI L A ) w A, BEHADZBEEBERO—FI 2T
MALED 100 ORIEDIBE. NV v A BENZADEBEEIL. OV KRHOFEL £ ¥
CHRLZICERDT a2MEEE R U 3 BRI ETIRIFIER PR R o7,
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1074 1074 ¢
——Ng
-8--He
1075 1075 E -~

—a—Ny
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1076
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Permeance [mol/Pa m? s]
Permeance [mol/Pa m? s]

1078

1079

10—10—“,11....|.,‘11..,.1.‘.‘11.,.1,... 10-10 L o R
0 5 10 15 20 25 30 35 0 5 10 15

Deposition time [hr] Deposition time [hr]

(a) 100 nm of pore size (M4) (b) 10 nm of pore size (M5)

Fig.3 The relationship between permeances of gases (He, No) and depostion time
in reactor (quartz tube) at 600°C.

MFLED 10 nm OEBEDBAE. N DU AHZOFEEEEIZ. 6 B (VD RIGKEE Tk, B
OB L LBITHRLICH DT 2MMER L, 6 RS 7R 30 SoMTIIRBICHD L. #
DOLLETCIHIKIIFREDEER R Lo £, ERARDOFZAFEE L. 6 R0 CVD KIGHEE Tid.
R OREE L & ICRLZICHAD T 5 EMAETR L, 6 R 5 I RO cCiIRBICHD L. 20
P ETRIZIEEAEOMEE R LI,

MAES DS WEBOBE, MAEIRENEBE D GRET VD 21752 &M TE, »OE
FMEZ R OBMOREN TR TH o )z, '

EROBEOEHICB N T, BRUELNPHEL THBEEENREV A DR S EECBERIC
FHNRBAaLHDI LI TS Y, Fig.32R2Lbh3L5IC, CVDIC X3 HEHOMERI,
CVD RIGHs 2 HE T2 2 LIC K D AR BBEERVEREORH D TRETH D LEZI SN D,

3.2 BT

Fig. 41 M4 L M5BT ODKE, N U ABIURBEHNZDEREEDREKRELZRT,

M4 & M5 BRDANY) D L KFEHROZBEE L, BEOMMICHENMNT Z2EAERLE, —
Bz, ZBIELS I v IEBO <7 0FLH TE0S OB THERRT 2 ) AIC & > TREICHZE
Ehd e, ARIEH BB X RN, BEOMME L HIHEBEREIMMT2LINT
Wa W, Zhickb, M & M5 BoMFLKITIFY U Bic Lo THEZEX O, B EHEIC X b H X
DERT D LHRATE D,
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600°C 400°C 300°C
ol | | He Hp N
- M4 - B ©-
—_ . M5 - @~ - k- - &—
w 108 L ==
N F -‘\
= B
< W -—
£ &=
— _9 =
g v O--mo— -~ - o
L
[ 3]
=
% 10_10:'
E —— _’
~ -
®
10—11 1 1
1 1.5 2.0 2.5

Temp. 103 / T [K1]

Fig.4 The change of permeances of gases by changing
temperature.

M4ﬁﬁm\%%ﬁzwﬁﬁﬁﬁmﬁ&ﬁ#ﬁ@ﬁ<\m@%k%ﬁﬁﬁﬁﬁﬁﬁotoMHﬁ
<. BEOMIMIC LV EBEEEIEL LT ERABERLh .

M4 2 M5 EIzonT. Q)RICE AL AkROEHLZ IV F—2RAH L.

P=Qexp [-E /(RT)] -+ (2)

- 2T, QIEOEEAEE L R T AR, B IEMLT 2 V¥ — RIZSEKER. TIEN
BRETHS.

300~600°CIz B 3 FEMAL T 3V ¥—id. M4 EOBEA, KFEIE 8.7T1, ~ ) ¥ Al 10.8kJ/mol
% L. M5 ORDBEA. A& 15.3, AV AL 14.0kI/mol 2R L. M5 BTOAROEE
miiw¥~m‘ﬁﬁﬁ%énfwéﬁiatm&&&ﬁ%mﬁfﬁaltﬁﬁ#oko

600°CIz BT, MA Y M5 FETORRICHT 2 KEDOBRMEX. Zh2h 5.18, 160 Z/R L,
Knudsen @ 3. T4 AL TH o =0

~EE\ﬁxmﬁﬁﬁﬁ%&ﬁ%ﬁ%ﬁti%%é\%%&t&%ﬁ¥&6w%%WMﬂm
diameter : /&3 2.838. AV WML 2.6A, B 3.8R)MKBETILEINTNHE ', A {bkE
DRFENAURTHHLEEL S L, MY M5 T, 3o kRITHT 2 KROERYE
TE D KELRDLHENTEZ S,

ui\A%ﬁEET%6M%ﬁ®ﬁ%w§ﬁémmfb&&ﬁ%tyUﬂﬁﬁ%ﬁén\*i
Eﬂ?%ﬁﬁﬁ%%?ﬁ%ﬁ@&ﬁﬁf%%:t%ﬁmbkoit\ﬂ%@#mémgﬁ&mm
2o izh . & DERERRMEROKEMMEORENSTE ST LEH LRI L,

PN I FFo—ThFANTRE L AEI BT, FIEEOBBRELBORKSER ' & &R
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HIEITREOMEEETR Lz, SR TCOBHAOHEHTIIANMTHILEZI OGNS,

4, & |

(1) MFLAED 100 nm OEREZ VY, BRICH T 2KEOREIRMED 5.18 2 RTHBBORAEN T
E

(2) MIFLAED 10 nn OEREZ AV, BRSO T KEDFIRED 160 2 RTIHBEORENTE
720

(3) BUYE L= KESBBETOKEDEMET RV F—IF 8.71~15.3 kJ/mol 2R L7z,

(4) MAEDNIVWEBOSBRKEVWEBIOYBLOT VW L 2HER L=

A

ERREOREICBVT, #BHHRVBEAMEZERICRHANZLE T,

2 £ X W
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4.44822 0453592 1 0.101325 1.03323 1 760 14.6959
K ME 1Pa-s(N-s/m*)=10P (£ 7 X)(g/(cm-s)) 1.33322x10 * | 1.35951x10°* | L3I579x10"* 1 1.93368 x10°*
BRIE Im?/s=10"SUA F =2 2)(cm?/s) 6.89476 %10 *{7.03070x10 * | 6.80460x10 * 51.7149 1
? H=107 erg) kgf-m kW-h cal(il &ik) Btu ft-1bf eV 1 cal= 4.186051 (§itik)
}:\‘Jl/ 1 0.101972 2.77778%10 7 0.238889 0.47813 %10 0.737562 6.24150 x O™ - 4.184) (#dkE)
] 9.80665 1 2.72407x10 *| 234270 | 9.29487x10 *| 7.23301 6.12082 % 10" - 1.1855] (15°C)
% 36x10° | 3.67098x10° 1 8.59999x10° | 341213 | 2.65522x10° | 2.24694 x [0 < 4.1868) (HIEEL %)
. - 305 42685 162795 6 3 9675¢ 3 . 5 199 . - ] )
;‘}3@ 4.18605 0.426858 L16279%10 1 3.96759x10 3.08747 2.61272 x 10" {E8 1 PSULIE )
it 1065.06 107.586 2.93072x10 ¢ 252,042 1 778172 6.58515 x 10 - .
= 75 kglf-my/s
1.35582 0.138255 3.76616 <10 7 0.323890 1.28506 %10 * 1 A623: "
15) 76616 H06 8.46233 %10 . 735.499W
160218 x10 ™ | 163377 x10 *'[4.45050 %10 *| 3.82743 %10 2| 151857 x10 ** | LI8I71x10 ¥ 1
fik By Ci H& Gy rad 4] C/kg R w Sv rem
; } b !
gé 1 2.70270%10 " Et‘ I 100 %E ] 3876 }ﬁ I 100
3.7x10" 1 0.01 1 2.58x10 ] 0.01 |
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